In the last two decades, research in the field of severe plastic deformation (SPD) has been developing rapidly. Ultrafine Grained (UFG) and Nano Grained (NG) materials obtained from SPD have shown superior and unique mechanical and physical properties [1, 2] . The most common SPD techniques for processing bulk materials are equal channel angular pressing (ECAP) [3, 4] , cyclic extrusion compression (CEC) [5] , accumulative roll bonding (ARB) [6] , and high-pressure torsion (HPT) [7, 8] . The CEC method was invented in 1986 for unlimited deformation of metals and alloys [9] which was named "reciprocating extrusion" in some publications [10, 11] . The CEC method was invented to allow arbitrarily large strain deformation of a sample with the preservation of the original sample shape [12] [13] [14] [15] . However, due to the complication of the die set up for CEC, a precise back pressure system which acts in synchronization with the primary punch is required. To solve the back pressure problem in CEC, Cyclic Expansion Extrusion (CEE) as a modified counterpart of CEC was introduced by Pardis et al. in 2011 [16] . The force needed to extrude the material is supposed to provide a proper amount of back pressure for the expansion [17, 18] . Needing complicated back pressure system does not exist in the CEE method, and therefore, the CEE technique has good potential for SPD processing. However, in both CEC and CEE processes, by increasing the workpiece length, friction force increases sharply while the deformation part of the total force is constant, so the total force increases dramatically. Thus, the punch deforms, yields or buckles under high forces and the process cannot be completed. This would be the major setback of the method, remaining at a laboratory scale. Until now, the maximum length/diameter ratios of CEE or CEC samples are below 5, making these processes unsuitable for industrial applications [19, 20] , moreover, most spd techniques such CEE cause heat to form due to deformation of the plastic, but this method maybe prevent heat and dynamic recovery in the process due to the presence of fluid. In addition, strain rate can more than CEE process because friction force is very little, so times of process is less than other techniq [21, 22] . this method can make longer and refiner grain sample.
The present study aims to introduce an efficient technique based on CEE to make the possibility for processing large samples. This paper proposes a new method entitled Hydrostatic Cyclic Expansion Extrusion (HCEE) for producing ultrafine grained and nanostructured samples in relatively long length.
Principles of HCEE
A schematic of HCEE process, patented in 2017 by the current authors [23] , is shown in Fig. 1 . The main difference between HCEE and conventional CEE process is the using of fluid pressure instead of frictional contact. As a result, the friction force is almost removed. As can be seen in Fig. 1a , a hydraulic fluid fills the space between the initial billet and the primary pressure container. The fluid is pressurized and sealed by a movable punch and an especial designed PTFE polymeric seal. The HCEE process consists of four steps, and the sequences are shown in Fig. 1 . At first, the initial billet is placed into the die, and then hydraulic fluid fills the space between the billet and primary pressure chamber. A movable punch and polymeric seal are used to increase fluid pressure to extrude the billet. The initial billet is forced to move down by the pressurized fluid to reach the bottom of the punch. The billet will be expanded to fill the die cavity which is a deformation zone. Then, the bottom punch is removed, and the first pass is completed after transferring the billet through the chamber. To perform the second pass, the die rotates 180°, and the process is repeated the same as before. This technique can be done to achieve a required number of passes. The equivalent plastic strain is similar to conventional CEE which can be calculated for each cycle of HCEE from:
Therefore, from Eq. 1 the total accumulated strain per each pass of HCEE considering the die parameters used here could be estimated to be about 1.34.
Experimental and FEM procedures
A commercially pure Al 1050 (99.5%) was used in this study. All samples were machined to a diameter of 10 mm and a length of a 100 mm. They were annealed at the The Vickers microhardness testing was performed using an indenter load of 100 gr and a loading time of 10 sec. The microstructure of annealed samples is evaluated using optical microscopy (OM) after electro polishing. The HCEE processed samples was evaluated using transmission electron microscope (TEM) after preparing a thin lamella samples with the sizes of 5x8 µm Where the die chamber and sample have a contact at the deformation zone, the friction coefficient is considered to be 0.08 [25] .
(e) 
Result and discussion
The unprocessed and HCEE processed samples are shown in Fig. 2 . As it can be seen, the surface appearance in the processed side of the sample is getting better due to the frictionless characteristic of HCEE process. The maximum length/diameter of the sample which could be produced via conventional CEC or CEE is below 5 [19] while this value was successfully
selected for HCEE to be 10 as a first trial. However, because the frictionless characteristics of the process, it may be possible to process longer samples via HCEE. The fluid pressure plays a major role in HCEE process, significantly affecting the loading process due to the existence of hydrostatic pressure and eliminating the friction effect [26] . grain shape changed, and subsequently grain subdivision appeared [22, 27] . Two type of regions can be observed in Fig. 3b (X and Y) . The region X, which does not have any dislocation and interior of grains, is relatively clean. The region Y contains dislocation tangles and sub-boundaries. As depicted, the grains are elongated, and dislocations are aggregated in some grain boundaries shown by arrows [21, 22] . It seems to have distortion high and low angle boundary's together like previous studies [21, 28] , but the majority of them looks like a low angle boundaries. The distribution of UFG grains is illustrated in Fig. 4 which obtained by electron back scattered diffraction (EBSD) mapping after two HCEE passes. The microstructure shows
evidence for grain refinement. The statistical variation of grain size gives an average size of about 0.7 µm. It is found that more than 50% of the scanned area has grains less 1µm size. Both elongated and small equiaxed grains appeared in microstructure induced shear bands and large deformation. Small equiaxed grains maybe formed due to continuous recrystallization [29] . The low angle grain boundaries (with misorientation angles between 1°and 15°) are shown by the fine solid lines and the high angle grain boundaries (with misorientation larger than 15°) by the solid thick lines. So there are high and low angle boundaries together. The TEM micrograph (Fig. 3b) also showed this result. 36 HV, and it is increased to 45 HV after the first pass of HCEE process. As depicted, the microhardness value in the center of the sample is less than the outer due to a non-uniform strain distribution achieved from the deformation zone [16] . Fig. 5b shows the tensile stress-strain curves of the unprocessed and HCEE processed samples. As shown, the strength increased considerably after HCEE due to the strain hardening, accumulation of dislocations, and grain refinement following the process. The yield and ultimate strengths for the unprocessed sample were 40 MPa and 52 MPa, respectively. They are increased to 109 MPa and 115 MPa just after one pass of HCEE process. After 2 passes, they were increased to 125 MPa and 137 MPa, respectively. In Fig. 5 , SEM micrographs of the fractured surface of the unprocessed, HCEE processed sample via first and second passes are illustrated. They contain many dimples showing a ductile fracture. These dimples originate from nucleation, growth, and coalescence of microvoids under tensile stresses. As can be seen in Fig. 5c and 3d, after the first and second pass of HCEE process, the diameter of dimples decreases compared to the unprocessed sample shown in Fig. 5c which leads to a reduction in the ductility. It can be seen that the fractured surface of the unprocessed specimen contains many dimples distributed like a honeycomb.
Furthermore, the depth of the dimples is decreased following an initial pass of the HCEE process. However, it is noted that the dimple features become deeper and smaller as the number of HCEE passes is increased. The size of dimples is usually related to the nucleation sites and the number of voids initiated at the grain boundaries. Thus, a continuous decrease in dimple size of HCEE-processed specimens is likely to be a result of the microstructural refinement that occurred during the SPD process [30] . Fig. 6a shows force ram movement curves for two processes of conventional CEE and HCEE calculated using FE method. It is seen that the required force for HCEE process (22 kN) is dramatically lower than that for conventional CEE (180 kN). The required force in HCEE is about 89 % lower than that in CEE. This could be considered as a main advantage of HCEE over conventional CEE. In other words, the required force in HCEE is independent of sample length, and it may be noted that HCEE could be a modern industrial method for processing of large UFG and NG samples. Also, due to reduced friction force by progressing the punch, the total force in CEE process decreases after a peak. However, in HCEE process the total force is steady because the friction force is approximately zero. Fig. 6b shows a magnified FE estimated force-ram displacement curve of HCEE. The force curve can be divided into two sections. In the first section relating to Fig. 1b , where the expansion zone of the die fills and the force is increased sharply to 19 kN. In the second section, (where the bottom punch of Fig. 1 is removed) the extrusion process force is increased slightly, and after the sample starts to flow, the force decreases and will be consistent up to the end of the process. Fluctuations of the force curve are because of discontinuous contact between the sample and die in FE method.
The amount of equivalent plastic strain after one pass of HCEE process can be calculated from Eq. 1 [16] as ̃≈ 1.34 though the distribution of strain is almost complex in reality [31] . Fig.   6 (c) and (d) show the contour and path plot of equivalent plastic strain along the cross section of the HCEE processed sample. Strain distribution along the length of the sample is approximately uniform but it is non-uniform along the radial direction. Fig. 6d shows the distribution of equivalent strain measured by FEM and the theory calculated along the radial direction of the sample. The average equivalent strain in the FEM (1.309) is close to the theoretical value (1.34), but its distribution is highly complex. The strain distribution in the FEM with a microhardness distribution in experimental state was compared in Fig6. The distribution of microhardness was similar to the nonuniform strain distribution, However, the difference in the value of the microhardness is not as large as the difference in the amount of strain across the sample. Because the hardness depends on a large number of parameters, such as texture, grain and sugrain size as well as the distribution of dislocation [32] . According to the previous content, the results of FEM were in good agreement with the theoretical equation and exprimental technique. Also, simulation results are close to the results of the CEE method [16] . 
Conclusion
A new method entitled Hydrostatic Cyclic Expansion Extrusion is developed based on the conventional CEE. The most important advantage of this new technique compared to conventional CEE is the ability to process samples regardless of length, because the process is frictionless and there is no contact between the samples and die. The process was performed and analyzed, with several promising conclusions being observed.
• HCEE could process metals with a good surface appearance.
• Because of approximately zero friction, HCEE process is almost independent of sample length, and longer samples may be easily processed. • Significant grain refinement was achieved, and the subgrain size decreased to ~760 nm from the initial value of ~50 µm.
• Yield and ultimate strength increased considerably to 109 and 115 from the initial values of 40 MPa and 52 MPa, respectively.
• The microhardness of samples after two passes of HCEE process improved from 36 to 45
HV.
• The process load decreased by approximately 89% in HCEE compared to conventional CEE
• , the results of FEM were in good agreement with the theory equation and experimental method
